Measured by a variety of techniques, the overall ventilation-perfusion relationship of the normal human lung is different in supine and upright positions, and in the upright position, the upper regions of the lung are relatively poorly perfused (1-4). Similarly, pulmonary diffusing capacity (DL) is reduced when normal subjects change from supine to upright positions (5, 6); in the upright position, carbon monoxide absorption is greater in the lower portions of the lung than in the upper portions (7). These differences are probably related to a gravity dependent gradient of perfusion and capillary filling caused by the inability of the normally low pulmonary arterial pressure to provide uniformly adequate perfusion against the hydrostatic gradient that must be present in the pulmonary vascular bed of normal adult humans in an upright position (2, 8) .
Measured by a variety of techniques, the overall ventilation-perfusion relationship of the normal human lung is different in supine and upright positions, and in the upright position, the upper regions of the lung are relatively poorly perfused (1) (2) (3) (4) . Similarly, pulmonary diffusing capacity (DL) is reduced when normal subjects change from supine to upright positions (5, 6) ; in the upright position, carbon monoxide absorption is greater in the lower portions of the lung than in the upper portions (7) . These differences are probably related to a gravity dependent gradient of perfusion and capillary filling caused by the inability of the normally low pulmonary arterial pressure to provide uniformly adequate perfusion against the hydrostatic gradient that must be present in the pulmonary vascular bed of normal adult humans in an upright position (2, 8) .
The present investigation was undertaken to determine a) whether the normal postural changes in physiologic dead space and diffusing capacity are present in patients in whom the pulmonary vascular pressure should be great enough to insure perfusion of the entire lung in the upright position and b) whether an acute increase in pulmonary vascular pressures affects the arterialalveolar CO2 gradient and alveolar dead space of normal men in an upright position.
Methods
Thirty-four adult patients having clinical cardiac catheterizations and 20 trained normal subj ects were * Submitted for publication July 8, 1963 ; accepted September 19, 1963. This study was supported in part by research grants H-6228 and H-4080 from the National Heart Institute, U. S. Public Health Service, Bethesda, Md., and in part by U. S. Air Force contract 33(616) 8378 . t Fellow, Indiana Heart Association. used in this study. The patients' surface areas, pulmonary vascular pressures, and diagnoses are listed in Table I . Those patients with mean pulmonary arterial pressure greater than 20 mm Hg are grouped separately and are considered to have pulmonary hypertension. With few exceptions, all patients with pulmonary hypertension had mitral valvular disease. The normal subjects were healthy men whose ages were between 22 and 36 and whose mean surface area was 1.89 ± 0.4 in'. Their pulmonary vascular pressures were assumed to be normal.
Tilting was performed on a motor-driven tilt table. Measurements were made in random sequence; subjects were flat or tilted 600 with their heads up. The change in lung volume that occurred during tilting was measured with a bag-in-box spirometer system, in which a steady base line is obtained during spontaneous breathing before and after a change in position, the recorded difference representing the difference in lung volume in the two positions. Measurements of physiologic dead space were begun 15 to 30 seconds after the subjects reached the 600 position. During a different tilt, diffusing capacity was measured 1 minute after reaching the 60°p osition. The effect of acute pulmonary vascular engorgement on alveolar dead space and arterial-alveolar Pco, gradient was studied in several normal, trained subjects before and after inflation of a full pressure half suit over the lower half of the body. The suit used was a singlechamber, balloon-type garment 1 that covers the feet, legs, and abdomen and can be inflated to the desired pressure (100 mm Hg) within 5 seconds by a standard Air Force G valve. The suit was laced on the subject carefully to provide even distribution of pressure. All determinations for comparison with those made during suit inflation were carried out with the subject wearing the laced but uninflated suit. In this portion of the study, the subject was seated on a bicycle saddle with his legs dangling. All determinations reported here as being made during suit inflation were carried out after 1 This suit was made by the David Clark Company, Worcester, Mass. In previous reports (9, 10) it has been referred to as a G suit. This suit, however, is not a standard aviator's G suit and cannot be used in that way; it provides much more G protection than the aviator's G suit.
the suit had been inflated to a pressure of 100 mm Hg for 30 seconds, a pressure which, in previous studies, produced a mean rise in central venous pressure of 23 mm Hg in seated subjects (9) . Direct measurements of intrapleural pressure reported elsewhere suggest that this rise is not the consequence of increased intrathoracic pressure (10) .
When the pressure suit was used, the subject breathed into a double bag, bag-in-box spirometer system. The first bag was discarded; the second was used for a 2-minute collection of expired air that was measured by evacuation into a spirometer. The subject was trained to observe the pen writing on the spirometer paper, to control tidal volume and breathing frequency, and to avoid changes in lung volume during inflation of his pressure suit.
Pulmonary arterial and transseptal left atrial pres- (14, 15) . The technique previously reported for our laboratory (9) was further modified as described by Lawson and Johnson (16) and Smith and Hamilton (17) for the use of the gas chromatograph. For calculation of V,, by the method of Roughton and Forster (18) , DL was determined at two different alveolar 02 tensions in each subject under each condition by using different concentrations of 02 in the inspired gas mixture. Determinations were made in duplicate with each subject lying flat and tilted to 600. After a maximal expiration, the subject made a full inspiration of a gas mixture containing 0.4% CO, 1.0% neon, and 21% 02 in nitrogen from the bagin-box connected to a spirometer so that the inspired volume and breath-holding time could be measured on the spirometer tracing. After a breath-holding period of approximately 10 seconds, an alveolar sample was collected.
The CO, Ne, N2, and 02 contents of the inspired gas mixture and expired alveolar samples were determined in a gas chromatograph. Five-ml gas samples were introduced into the gas sample inlet through a drier and CO2 absorber (Ascarite). CO2 absorption in this manner results in a small (about 1 ml per mm Hg per minute) underestimate of DL. Since PAco2 varied within a rather narrow range in this study, the comparison of DL in individual subjects, supine and tilted, was not affected by the small error. The standard inspired gas mixture was analyzed with each group of alveolar samples. Helium was used as the carrier gas. A sharp Ne peak appeared rapidly after injection of the gas sample. The flows of 02, Ne, and CO were differentially slowed by passage through a molecular sieve column so that they arrived at the thermal conductivity detector at different times with a separate peak being written for each. Heights of the Ne and CO peaks were linear for concentration, and, within the ranges of concentrations occurring in DL determinations, both Ne and CO peak heights are reproducible to well within 5% of the total height. Peak where fco is a correction for CO tension in equilibrium with COHb determined as previously described (14), COo is the initial alveolar CO at the beginning of breath holding, and t is breath-holding time in seconds.
V½ was calculated by the technique outlined in detail by Roughton and Forster (18) . The mean capillary 02 tension was estimated by the technique suggested by
McNeill, Rankin, and Forster (19) . 0 for the appropriate 02 tension was obtained from the data of Roughton, Forster, and Cander (20) . Blood 02 capacity was determined spectrophotometrically (21, 22) in each subject, and calculations of V, were corrected to an 02 capacity of 20 ml per 100 ml blood.
Results Physiologic dead space (Table II) . In 5 normal subjects and 10 patients with mean pulmonary arterial pressures of less than 20 mm Hg, the mean physiologic dead space (VD) increased from 142 + 40 to 201 + 55 ml (p = 0.001), and VD/VT increased from 0.30 + 0.05 to 0.37 ± 0.06 (p = 0.001) during tilt. In the group with pulmonary hypertension, VD was less affected by tilting, 192 ± 81 to 208 ± 84 ml (p = 0.05).
The increase in VD in the group with normal pressures was greater than the increase in VD in the group with pulmonary hypertension (p = 0.025). VD/VT was not consistently affected by tilting in the group with pulmonary hypertension, 0.39 + 0.05 to 0.41 + 0.04 (p = 0.2). The supine VD in those with normal pressure, 142 + 40 ml, was different from the supine VD in those with high pulmonary vascular pressure, 192 + 81 ml (p = 0.05). Tilting did not affect breathing frequency in either group, but VT increased from 476 + 163 to 552 + 167 ml (p = 0.001) in the normal pressure group. There was no change in VT during tilting in those with pulmonary hypertension. Lung volume increased to the same extent in both groups (Table III) .
Diffusing capacity (DL) and pulmonary capillary blood volume V, (Table IV) . In 10 normal subjects (surface area, 1.89 + 0.40 M2), mean pulmonary diffusing capacity (DL) decreased with tilting from 39.2 + 7.7 to 31.5 ± 6.7 ml per Discussion Orth, in 1887, was apparently the first to appreciate that normal pulmonary arterial pressure is not adequate to overcome the effect of gravity in the lung of the upright normal human (23) . The consequence is a gradient of ventilation-perfusion relationships that has been described in detail by West (8) .
Evidence has been presented by those using either 015 or Xe133 that the relative perfusion of the upper zone of the lung is increased in patients with mitral stenosis (4, 24) . Isotope techniques have shown a reversal of the normal gradient of perfusion in patients with severe mitral stenosis (24) , in whom selective increase in resistance to flow through the lower regions must occur.
A postural effect on regional ventilation-perfusion relationships has been proposed by Riley and co-workers (25) and by Bjurstedt, Hesser, Liljestrand, and Matell (26) to explain their observations that physiologic dead space is greater in normal men upright than supine. They have suggested that, with relative underperfusion, a part of the alveolar ventilation distributed to the upper regions of the lung appears as dead space. The present study confirms these observations during tilting in normal men but demonstrates failure of the physiologic dead space to increase to the same extent in a group of patients with pulmonary hypertension associated with congestion (Table II) . The difference in response of the two groups to tilting is not simply a difference in FRC response to tilting (Table III) . The normal group increased tidal volume slightly during tilting; those with pulmonary hypertension did not. The increase in tidal volume is relatively so small, however, that it could not account for the increase in VD in the normal group unless it appeared totally in the VD compartment. Furthermore, the ratio VD/VT increased in the normal group, whereas it did not in the hypertensive group. It would seem, therefore, that the difference in VD response to tilting in these two groups is related to pulmonary hypertension and is quite compatible with the suggestion made by Riley and co-workers (25) and by Bjurstedt and co-workers (26) .
The decrease in DL and V, observed during tilting in normal subjects (Table IV) has been described previously (5, 6) . Using CO15, Dollery, Dyson, and Sinclair have shown that there is a regional gradient of carbon monoxide absorption in upright normal men (7) . Since DLCO is relatively independent of blood flow (27) (28) (29) (30) , this gradient of CO uptake suggests a gradient of effectively ventilated pulmonary capillary volume in upright normal men. These observations suggest that pressure in the normal pulmonary vascular system is insufficient to perfuse the upper portions of the lung or to maintain the capillary volume in the upper regions. The normal decrease in DL and V, during tilting does not occur in patients with pulmonary hypertension due to mitral stenosis (Table IV) . These data again demonstrate the dependence of DL and V, upon pulmonary vascular pressure but do not separate the roles of pulmonary arterial and pulmonary venous pressure.
The role of systemic venous tone in regulating pulmonary capillary volume and pressure and the possibility that the difference between the normal group and the group with pulmonary congestion reflects increased systemic venous tone known to occur in heart failure (31) Since acute pulmonary vascular engorgement produced by pressure suit inflation increases the volume of blood in the lungs (32) and increases pulmonary vascular pressures and DL (9) , its effect on arterial-alveolar (a-A) CO2 gradient and alveolar dead space was studied. If a portion of that gradient and dead space was the consequence of relative underperfusion of the upper zone of the lung and if inflation of the pressure suit improved the perfusion of those areas, this procedure would be expected to decrease the a-A CO2 gradient and alveolar dead space of upright normal men. Severinghaus and Stupfel (33) have examined the problem of a-A CO2 gradients and alveolar dead space in detail, and in general they relate a-A CO2 gradient and alveolar dead space to changes in distribution of lung perfusion. Bjurstedt and co-workers (26) and Matell (34) found that the arterial-end-tidal CO2 gradient of normal upright men averaged 2 to 3 mm Hg. In the present study, the a-A CO2 gradient was 3.9 ± 1.5 mm Hg, and alveolar dead space was 64 ± 33 ml in a group of normal men upright on a bicycle saddle with their legs dangling (Table  V) . With tidal volume, breathing frequency, and FRC controlled, pressure suit inflation reduced both a-A CO2 gradient and alveolar dead space. These changes suggest that acute pulmonary congestion improved the evenness of perfusion in relation to ventilation. As was pointed out by Severinghaus and Stupfel (33) , increased unevenness of ventilation may also decrease the a-A CO2 gradient if the better ventilated areas empty earlier in expiration. The decrease in a-A CO2 gradient observed during pressure suit inflation may in part represent unevenness of ventilation, with better ventilated areas emptying first; however, the similarity of expired CO2 slopes before and after pressure suit inflation suggests that this is not a major factor. These results are most compatible with the concept that the uppermost areas of the pulmonary vasculature are poorly perfused and poorly filled in normal men and that acute pulmonary congestion, with elevation of pulmonary vascular pressures, distributes the pulmonary perfusion and pulmonary capillary blood volume more evenly.
Despite the better filling of the congested lung, several studies have shown decreases in diffusing capacity in patients with mitral stenosis (35) (36) (37) (38) (39) . In this group of patients with chronic pulmonary vascular congestion, pulmonary capillary blood volume was normal (Table IV) . If the pulmonary capillary blood volume (V½) is related to the alveolar volume (VA), simultaneously measured by neon dilution, the ratio VC/VA (Table IV) expresses this relationship and emphasizes that, for a given alveolar volume, pulmonary capillary blood volume is consistently and considerably increased in patients with pulmonary congestion. The reduction in VA is probably related to the decreased vital capacity known to occur in situations of chronic pulmonary congestion (36, 37) . Several factors participate in this reduction in DL observed in these patients with chronic pulmonary vascular congestion: 1) This group of patients had a lower oxygen capacity than the normal group. DL is dependent upon hemoglobin content of the blood, although the relationship is not linear. Since the mean 02 capacity of the normal group was 19.4 ± 1.5 ml 02 per 100 ml blood and the mean 02 capacity of the congested group was 17.7 + 1.6 ml 02 per 100 ml blood, a small part of the lower DL may be related to the observed decrease in 02 capacity.
2) The patients in the abnormal group were somewhat smaller in size (1.62 ± 0.40 M2) than the normal subjects (1.89 + 0.40 M2). DL is known to be correlated with surface area (40) .
3) The diffusing property of the pulmonary capillary membrane (DM) is low. This reflects the thickening of the alveolar walls described by Parker and Weiss (41) .
The observed association of increased physiologic dead space (VD), decreased alveolar volume (VA), and increased relative pulmonary capillary blood volume (V,/VA) is unique and perhaps meaningful in terms of the disturbed pulmonary architecture reported by Parker and Weiss in 1936 (41) . These physiologic changes suggest that the lung in mitral stenosis has a mixture of functional abnormalities: pulmonary capillary congestion relative to a restricted over-all alveolar volume, but also areas of ventilated but poorly perfused alveoli. Certainly this must reflect the pulmonary capillary engorgement Parker and Weiss found in the upper zones of the lung and the interstitial fibrosis and lack of capillary engorgement found in the lower zones. With these histologic changes in mind, it is not at all surprising that the regional pulmonary circulation does not tend to rearrange itself during changes in posture in patients with chronic pulmonary vascular congestion. Summary
Postural changes in ventilation-perfusion relationships and in pulmonary capillary filling were studied by observing the effect of 60) head-up tilt on physiologic dead space (VD), pulmonary diffusing capacity (DL), and pulmonary capillary blood volume (V½) in normal subjects and in patients with and without pulmonary hypertension secondary to mitral stenosis. Tilting decreased DL and V, in normal subjects but not in patients with chronically congested lungs and pulmonary hypertension. Tilting also increased VD and VD/ VT in normal subjects and patients with normal pulmonary vascular pressure more than in patients with chronic pulmonary congestion and hypertension. The difference in the response of the two groups to tilting may depend upon differences in systemic venomotor activity in addition to the differences in supine pulmonary vascular pressures and regional pulmonary vascular resistances.
Acute central vascular engorgement produced by pressure suit inflation decreased the a-A CO2 gradient and alveolar dead space of upright normal men. This suggests that the upright normal lung is inadequately perfused and that the pressure suit, which increases pulmonary vascular pressure and blood volume, improves the perfusion of the previously underperfused regions.
In a group of patients with chronic pulmonary congestion, VD was greater and DL was less than in a group of normal subjects. A portion of the decrease in DL is the consequence of lower hemoglobin concentration and smaller body size, and a portion is the result of decreased diffusivity of the pulmonary capillary membrane. The pulmonary capillary blood volume (corrected to an°2 capacity of 20.0 ml per 100 ml) was not abnormal in the patients with pulmonary congestion, but the ratio, VC/VA, was consistently increased over the normal group and represents a useful expression of the filling of the pulmonary capillaries.
